The use of an airtight frame in low-energy buildings could increase the risk of health-related problems, such as allergies and sick building syndromes (SBS), associated with chemical emissions from building materials, especially if the ventilation system is not functioning properly. In this study, the indoor air quality (IAQ) was investigated in newly built low-energy and conventional preschools by monitoring the indoor air temperature, relative humidity, particle-size distribution and levels of carbon dioxide (CO 2 ), nitrogen dioxide (NO 2 ), formaldehyde and total volatile organic compounds (TVOC). The thermal comfort was satisfactory in all preschools, with average indoor air temperature and a relative humidity at 21.4 C and 36%, respectively. The highest levels of TVOC (range: 130-1650 mg/m 3 toluene equivalents) and formaldehyde (range: 1.9-28.8 mg/m 3 ) occurred during the first sampling period associated with strong emissions from building materials. However, those preschools constructed with environmental friendly building materials (such as Swan Eco-label) had lower initial TVOC levels compared to those preschools constructed with conventional building materials. The IAQ and indoor chemical emissions were also strongly dependent on the functioning of the ventilation system. Preliminary risk assessment indicated that exposure to acrolein and crotonaldehyde might lead to respiratory-tract irritation among occupants.
Introduction
The European Union (EU) directive on the 'Energy performance of Buildings' (2010/31/EU) 1 stipulates that all new buildings must reduce their energy consumption by the end of 2020. To realize this objective, new 'low-energy buildings' are constructed with an airtight and energy-efficient envelope achieved using plastics, sealants and insulation together with advanced window technologies and heat recovery ventilation systems. [2] [3] [4] [5] This can reduce air leakage and heat losses, thereby lowering the energy consumption to <90 kWhÁm À2 Áy À1 , as required for a low-energy building in Sweden. 1, 2, 5 However, building materials used in 1 the constructions may contain various volatile organic compounds (VOCs) that can be released into the indoor environment. These VOCs could be residual products from processing aids and solvents used during manufacturing of building materials, and they could also be formed through secondary reactions in the indoor environment. 6, 7 Furthermore, organic additives (such as plasticizers, flame retardants, preservatives and UV stabilizers) are often added to building materials to improve their functionality. 8, 9 Questions have therefore been raised about the extent of chemical emissions from building materials into the indoor environment and the effect of exposure to these chemicals on the health of occupants. 6, 9, 10 The VOCs in building materials are mainly emitted through volatilization. 9 Human exposure to these compounds in indoor environments occurs mainly through inhalation of the gaseous phase or VOCs sorbed on suspended particulate matter. [9] [10] [11] Exposure to indoor chemicals has been linked to several health problems, such as allergies and chronic asthma. 6, 12 Furthermore, health issues (such as headaches, nausea and irritations in the eyes, nose and throat) can be referred to as sick building syndrome (SBS) symptoms if problems disappear shortly after leaving a building. 12 Formaldehyde in indoor air has been extensively studied and is commonly used as an active component in adhesives for woodbased products, e.g. particleboard. [13] [14] [15] Formaldehyde is classified as a carcinogen and high concentrations in indoor environments can cause eye, skin and throat irritations as well as allergies. 13, 14 Another widely studied VOC, toluene, is frequently used as a solvent in linoleum flooring, sealants and acrylic-based paint. [9] [10] [11] High exposure to toluene can cause health issues, such as respiration problems and headaches, 10, 16 as well as neurodevelopmental disorder during human developmental stages. 6, 10, 16 Langer et al. 4 compared the indoor air quality (IAQ) in low-energy and conventional dwellings. The levels of nitrogen dioxide (NO 2 ), ozone (O 3 ) and formaldehyde were comparable for these two building types. However, TVOC concentrations in the low-energy dwellings (median: 272 mg/m 3 ) were twice as high as those of the conventional dwellings (median: 145 mg/m 3 ). The furnishings were similar among different building types, and hence, the difference in TVOC concentrations might be attributed to emissions from building materials. 4 The correlation between emissions of VOCs and building materials in newly built lowenergy single-family houses was also investigated by Derbez et al. 17 They found that the VOC emissions decreased over time and were correlated with reduced emissions from building materials. In addition, the concentrations of some VOCs (hexaldehyde, acetaldehyde, styrene, o-xylene, n-decane and n-undecane) were 50% higher than those occurring in a conventional dwelling. This indicated that the high emissions may have resulted from the new building construction. 17 Recently, Langer et al. 18 investigated the correlation between indoor air pollutants and building technique. Their findings demonstrated that the indoor air temperature, relative humidity (RH), air change rate (ACR) and concentration of formaldehyde were influenced by the building technique. 18 The IAQ of conventional and low-energy buildings has been investigated from the viewpoint of physical and chemical parameters. 4, 17, 18 However, systematic research on the IAQ in low-energy preschools and in buildings constructed with eco-labelled building materials is lacking. Research on IAQ of preschools is important as, compared with adults, children are more vulnerable to hazardous chemicals that can (i) inhibit essential developmental stages and (ii) lead to allergies as well as chronic asthma later in life. 6, 10, 14 ) of residential buildings. This could therefore lead to a difference in concentrations of emitted chemicals between these two indoor settings. 3 The building standards in Sweden stipulate that the ventilation system must be set to a maximum ACR during the first year of occupancy. However, many buildings have their ventilation system set to be inactive during nighttime and weekends in order to save energy, and the indoor emission trends and strength could therefore change on a diurnal basis. 3 The aim of this pilot study was to investigate the IAQ in low-energy and conventional preschools in Sweden by monitoring: (i) physical parameters, such as the indoor air temperature, RH and the particle size distribution and (ii) concentration of chemical parameters, such as carbon dioxide (CO 2 ), nitrogen dioxide (NO 2 ), formaldehyde and VOCs. A secondary aim was to determine if lower concentrations of volatile chemicals are emitted in environmentally certified preschool buildings than in buildings without environmental certification. The main objectives were to: (a) characterize the IAQ in preschools, (b) determine the thermal comfort and ventilation capability, (c) assess temporal trends and seasonal variations and (d) evaluate the potential exposure risk using maximum cumulative ratios (MCRs) of the indoor air chemical mixtures. The results could provide a comprehensive insight into the IAQ in low-energy preschools. Furthermore, the new knowledge provided from this study could help to improve the construction of lowenergy buildings and thereby reduce emission of hazardous chemicals to indoor environments.
Materials and methods
Selection of building objects and sampling design Table 1 presents the information about the four participating preschools. The reference preschool (RP) was built in accordance with Swedish building code BBR 21.
3 The low-energy preschools (LEPs) were built in accordance with this code as well as criteria stipulated by the Swedish Centre for Zero Energy Houses (FEBY 12). 5 Furthermore, the RP was built with conventional building materials and LEP A was partly built with low-emitting building materials. However, LEP B and LEP C was built using only low emitting and environmental friendly building materials in order to fulfil the Swan Eco-label 19 and Environmental Silver certification criteria, 20 respectively. For a Swan Ecolabel certification, the content of certain chemical additives in building materials, interior decorations and consumer products should correspond to <0.01%. These chemical additives include substances on the Candidate List provided by the European Chemical Agency (ECHA), and include those classified as: (i) persistent, bioaccumulative and toxic (PBT), (ii) very persistent and bioaccumulative (vPvB), (iii) carcinogenic, mutagenic and reprotoxic (CMR) and (iv) endocrine disrupting compounds (EDCs). 19 For an Environmental Silver certification, the building materials, interior decorations and consumer products should contain: (i) <0.1% of carcinogenic and mutagenic compounds, mercury (Hg), lead (Pb), PBT and vPvB compounds, (ii) <0.5% of reprotoxic compounds and (iii) <0.01% of cadmium (Cd). 20 Furthermore, these certifications stipulates that a low energy consumption must be maintained: 85% of the value listed in BBR for the Swan Ecolabelled lowenergy preschool 19 and 75% of the value listed in BBR for the Environmental Silver certified lowenergy preschool. 20 Four sampling campaigns were conducted during the first year of occupancy for all preschools. The campaigns were performed every season, and started during spring 2015 for the RP and LEP A. For LEP B and C, the sampling started during autumn 2015 and spring 2016, respectively. For all preschools, the first sampling period occurred in empty buildings, without furnishings and decorations, prior to the start of daycare activities. The subsequent three sampling periods occurred in occupied preschools with interior decorations and preschool activity.
Measurement of air quality parameters
In each preschool, four points were chosen about 1.5 m above the floor (breathing zone and out of reach from the children) and away from heat sources as well as direct sunlight in three different rooms. At each point, NO 2 , formaldehyde and VOCs were sampled while samplers for indoor air temperature, RH, CO 2 and particle characterization were placed at the most central parts of preschools. To monitor the influence of outdoor air, the outdoor sampling point was placed 1.5 m above the ground and was protected from wind, rainfall and direct sunlight.
Logging of indoor air temperature, RH and CO 2 Indoor air temperature (min-max: 0-50 C, measurement uncertainty: AE0.3 C), RH (0-100%, measurement uncertainty: AE1.3%) and CO 2 levels (0-10,000, measurement uncertainty: AE90 ppm) were logged every 5 min for a week (both occupied and unoccupied periods were included) using a Testo 435-4 (Testo, Lenzkirch, Germany) equipped with an IAQ probe. The performance of the instrument was verified in the laboratory prior to field sampling, and the instrument was calibrated every three years.
Logging of particles
The particle-size distribution of the indoor and outdoor air was determined with a laser photometer (DustTrak TM DRX 8533; TSI Inc., Shoreview, MN, USA). This instrument has a measurement range of 0.001-150 mg/m 3 (measurement uncertainty: AE10%) and can log particulate matter with sizes of 1 lm (PM 1 ), 2.5 lm (PM 2.5 ), 4 lm (PM 4 ) and 10 lm (PM 10 ). To obtain representative hourly averages, data logging was performed every 5 min in a 24 h period in the indoor air and for 1 h during the outdoor air. Prior to measurements, the instrument was autozero calibrated in the laboratory and its performance was controlled using a reference material. A full calibration was performed once every year with a standardized dust sample (Arizona Road Dust).
Sampling and analysis of NO 2
Indoor and outdoor air sampling for NO 2 was performed for two weeks using passive samplers (Advantec NO 2 Filter Badge, Toyo Roshi Kaisha. Ltd., Japan). The collected NO 2 was extracted from samplers with triethanolamine and the dissolved nitrite formed a pink complex with the colour reagent. NO 2 detection was performed using a spectrophotometer recording the absorbance at a wavelength of 545 nm. Furthermore, the concentration of NO 2 was determined via external calibration, with a detection limit of 0.8 lg/m 3 for a 14-day sampling period. The accuracy of the analysis was ensured by analysing a quality The ACR was set at fixed parameters during the first year of occupancy, and will thereafter be demand-controlled depending on the number of occupants, indoor activities, temperatures and CO 2 levels.
control sample (Ion Chromatography Standards Spectrascan ICP solution 1000 mg/dm 3 (1000 mg/L), Teknolab Sorbent AB, Kungsbacka, Sweden). The expanded uncertainty of the method was estimated to be AE22%. Moreover, sample blanks and procedural blanks were simultaneously analysed, using the method described by Yanagisawa and Nishimura, 21 Gerboles et al. 22 and method 6014 outlined in the National Institute for Occupational Safety and Health (NIOSH) manual. 23 The laboratory participates in the LGC (Laboratory of the Government Chemist) Standard interlaboratory study Proficiency Testing (Air-PT) four times per year with satisfactory results.
Sampling and analysis of aldehydes
Aldehydes were passively sampled in two weeks and one week for indoor and outdoor sampling, respectively, using silica gel coated with 2, 4-dinitrophenylhydrazine (DSD-DNPH, Supelco, Bellefonte, PA, USA). In their original form, aldehydes are unstable over a prolonged period. Therefore, a hydrazone derivative was formed when compounds were absorbed onto the sorbent. The aldehyde derivatives were then eluted with acetonitrile and subsequently separated via high performance liquid chromatography (HPLC, G1311A, Agilent Technologies, Santa Clara, CA, USA). A HyPurity C-18 column (100 mm Â 2.1 mm Â 3 mm, Thermo Scientific, Waltham, MA, USA) with a flow rate of 0.3 mL/min (1.8 Â 10 À5 m 3 /h) was used for the separation and the chromatograph was coupled with an ultra violet (UV) detector (G1315B, Agilent Technologies). The injection volume was 3 mL and the mobile phase consisted of water (A), acetonitrile (C) and iso-propanol (D). These three solutions were used for a gradient elution with: an initial composition of 65% A, 25% C and 10% D for 10 min, which then changed to 40% A, 60% C and 0% D for 15 min, and then changed to 0% A, 100% C and 0% D for 11 min. Quantification was performed by external calibration and the uptake rate of aldehydes on the sorbent. To ensure the accuracy of the analysis, a quality sample, formaldehyde DNPH (Supelco), was analysed every tenth sample and an interlaboratory study sample was also analysed. In addition, sample blanks and procedural blanks were analysed simultaneously. The detection limit for the target compound formaldehyde was 0.2 lg/m 3 and the analysis was performed in accordance with the international standard SS-ISO 16000-4:2012. 24 The expanded uncertainty of the method varies with the detected concentrations as followed: 0.2 0.4 mg/sample, AE27%; 0.4 1 mg/sample, AE19% and !1 mg/sample, AE17%. Four times a year, the laboratory participates in an LGC interlaboratory study Air-PT for formaldehyde and satisfactory results have been obtained.
Sampling and analysis of VOCs
The sampling procedure, sample preparation and analysis of VOCs were performed in accordance with the international standard protocols ISO 16000-6:2011 and ISO 16017-2:2003. 25, 26 Passive sampling was conducted for two weeks using Tenax TA sorbents (poly (2, 6-diphenyl-p-phenyl oxide), Markes International, Llantrisant, UK). The VOCs in the outdoor air were simultaneously collected using a low-volume active sampler (SG 5100, GSA Messger€ atebau GmbH, Ratingen, Germany) connected to a twin port coupled to Tenax TA tubes. A flow rate of 0.1 L/min (0.006 m 3 /h) was employed during the 2 h period, for collection of maximum volume on the sorbent. Analysis was performed using an automated thermal desorption unit (ATD, Markes International Thermal Desorber TD-100) coupled with a gas chromatograph (GC, 7890B, Agilent Technologies) connected to a mass spectrometer (MS, 5977A, Agilent Technologies). To avoid degradation of compounds, the ATD was set to 150 C for desorption of VOCs from the sorbent. The samples were split between 1:10 and 1:20 and a He flow rate over the column was set at 2 mL/min (0.12 m3/h). The compounds were ionized via electron ionization (EI) at 70 eV and a source temperature of 230 C. The compounds were ionized via electron ionization (EI) at 70 eV and a source temperature of 230 C. Afterward, the analytes were separated on a DB5-ms UI column (60 m Â 0.250 mm Â 1.00 mm, Agilent Technologies). Separation was performed under the following conditions of temperature and time: 50 C hold for 2 min, ramp to 170 C at 5 C/min, ramp to 290 C at 30 C/min, and hold for the final 12 min. The transfer line temperature was set to 250 C and detection was performed in full scan mode over an m/z range of 29-400. The analytes were identified using NIST-2011 MS Library (M Search 2.0, NIST) and TVOC was specified as the sum of all compounds between hexane and hexadecane (C 6 -C 16 ). Furthermore, the compounds were quantified using an internal standard (trimethyl pyridine, Eco Scientific Ltd., Gloucestershire, UK) and were all calibrated against toluene (Eco Scientific Ltd.) yielding levels with the unit lg/m 3 toluene equivalents. To evaluate and verify the sensitivity of the instrumentation trimethylbenzene (present in the standard) was used. Furthermore, duplicate samples were deployed at each sampling point and sample blanks were analysed to determine the background levels. In addition, four times per year, the laboratory participates in the LGC interlaboratory study Air-PT for toluene and has obtained satisfactory results. 27 Moreover, Swedac conducts yearly check-ups to ensure the quality of the analysis. The expanded measurement uncertainties were estimated with quality control sample, standard reference materials and inter-laboratory studies.
Estimation of the ACR
The tracer gas decay method is commonly used to determine the ACR of a building. With this method, the decay of the occupant-generated CO 2 was monitored after the occupants had left the building. 28 However, the staff and children gradually leave the preschools at different time points, which can lead to CO 2 concentration gradients that are too slow for accurate estimation of the ACR. 28 Also, the maximum ACR was employed during the operating hours (Table 1) in the first year of occupancy of the preschools. Therefore, the ACR (h À1 ) was defined as: ACR ¼ ðR a =VÞ Â 3600, where R a (L/s) and V (L) were the incoming air and the air volume of the building, respectively.
28,29 R a was set after the criteria 0.35 LÁs
À1
Ám À2 plus 7.0 LÁs
Áperson À1 specified by the Swedish building code. 3 
MCR calculations
The exposure risk of the measured IAQ parameters was evaluated by calculating the MCR associated with all the preschools. 30, 31 In an MCR calculation, the exposure to multiple chemicals (cumulative toxicity) was calculated by summing the hazard index (HI) for the chemical mixture in the indoor air. This sum was then divided by the largest hazard quotient (maxHQ i ) of a single chemical, as shown by equations (1) to (3)
where c i and RV i are the concentration and reference value, 30,32-35 respectively, of a chemical i. The MCR provides a quantitative measure of the magnitude of the toxicity associated with the exposure from multiple chemicals, a toxicity which can be underestimated if looking at different exposures individually. With this approach, the exposure risk of cumulative chemical mixtures were evaluated as well as whether the mixture or a single compound in the mixture pose the largest health risk towards the occupants. 30, 31 This was performed with the help of boundaries specified by de Brouwere et al., 30 where MCR with a value close to one indicate that a single compound dominates the toxicity of the exposure and a value less than two indicates that a single compound and the mixture contributes equal to the toxicity of the exposure. 30, 31 Furthermore, MCR with a value n (the number of measured substances) indicates that all substances in the tested mixture contribute to the toxicity of the exposure.
30,31

Statistical analysis
For statistical analysis, Microsoft Excel Professional Plus 2013 and Stata 13 (StataCorp LP, USA) were used. For indoor air temperature and RH, one-way ANOVA was applied to the log-transformed values to test the significant differences among the preschools, whereas the non-parametric Kruskal-Wallis test was used for the TVOC and formaldehyde data sets due to the low number of observations within each group. The non-parametric Spearman's rank test was used to determine whether the levels of TVOC and formaldehyde were correlated with the seasonal parameters (such as indoor air temperature and RH) and time passed after construction. Statistical significance was reported for all tests if p < 0.05. During the statistical analysis, levels below limit of detection (LOD) were assigned with half their LOD-value.
Results and discussion
Indoor air temperature, RH and particlesize distribution
Average indoor air temperatures of 20.0-22.6 C (median: 20.0-22.7, Figure 1) were found in the preschools during four sampling periods (seven days with a logging time of 5 min). These average temperatures comply with Swedish building code BBR 21 that recommends indoor temperatures of [20] [21] [22] [23] [24] [25] [26] C for preschools.
3 Slight temperature differences were found between these preschools (ANOVA, F calc >F crit , p < 0.05) even though the indoor air temperature was kept constant by the ventilation system and heating during the winter period. In LEP A, the elevated temperature outliers shown in Figure 1 during spring coincided with the starting time of the ventilation system (around 6 am, see Table 1 ) and lasted less than 1 h each day before returning to normal temperatures. This was probably caused by initial problems with the startup of ventilation system since the sampling in springtime was immediately after the completion of the building. Slight increase in temperature during the summer periods in RP and LEP C was also found. During the winter time in LEP C, a rapid decline in the outdoor air temperature and the relatively slow response of the indoor heating system might be the cause of low indoor temperatures of $19.8 C, over a three-day period. The RH, on the other hand, exhibited significant seasonal variations with higher humidity occurring during the summer months than in winter months (Figure 2) . The average values (measured and calculated in the same manner as the indoor air temperature) varied from 21 to 57% (median: 21-55%). These values were considerably lower than the reference value of <75%, 3 recommended for avoiding moisture problems and mould growth in building construction. Furthermore, the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE 62.1-2013) recommends that the RH should be within the range of 30 and 60%. 36 The RH values in our study were somewhat lower than this recommendation during the winter months which might contribute to a lower perceived IAQ by occupants. However, the average values throughout all seasons were below the upper range resulting in a low risk of mould growth. 36 Also, differences in RH between preschools was found to be significant (ANOVA, F calc >F crit , p < 0.05), which was partly caused by ventilation problems.
Indoor concentrations of PM 2.5 over a 24 h period and the outdoor air levels determined during a 1 h sampling period are shown in Figures 3 and 4 , respectively. A sampling logging time of 5 min was used and the hourly average value was calculated from 12 data points. Maximum hourly average concentrations of PM 2.5 were: 10 mg/m ), indicating that the indoor PM primarily originated from the indoor environment. In a study conducted in three preschools in Porto City in Portugal, the hourly average PM 2.5 concentrations varied from 19.7 to 28.7 mg/m 3 . 37 These high PM 2.5 concentrations were considered to be originated from indoor sources due to the low ACR and cleaning routines. 37 Another investigation on the particulate matter in low-energy buildings 17 also showed a low PM 2.5 concentration (average 14 mg/m preschool may have resulted in the lower measured concentrations in our study.
In our study, average PM 2.5 concentrations of 9.2 mg/m ) and LEP C (7.1 mg/m 3 ), owing probably to the inactive nighttime ventilation. The average concentrations (during operating hours) in preschools found in this study were comparable to those measured (6.1 mg/m 3 ) by Wichmann et al. 38 in 18 preschools in Stockholm.
Average (for a 24 h period) PM 2.5 concentrations of 3-9 mg/m 3 was reported in all preschools. These concentrations are significantly lower than the outdoor air quality guideline value, corresponding to a 24 h period (PM 2.5 : 25 mg/m 3 ), recommended by the World Health Organization (WHO). 39 However, the WHO PM 2.5 guideline value is mainly for outdoor concentrations and if fireplaces are present in the indoor environment, 39 and might therefore not be a good indicator for the preschools in our study.
Carbon dioxide concentrations, nitrogen dioxide concentrations and ACRs
The average CO 2 concentrations (400-600 ppm, median: 350-600 ppm) in all preschools were within the range of expected outdoor CO 2 concentrations. 40 This indicates that the ACRs of ventilation systems in preschools were generally sufficient for indoor activities. Furthermore, nighttime CO 2 concentrations of $400 ppm in all preschools were indicative of satisfactory ACRs and correct operating hours of the ventilation system. The CO 2 concentrations in our study were also comparable with CO 2 concentrations detected in various Danish daycare centres 41 as well as Swedish passive and conventional buildings. 4 Although the average concentrations indicated a good indoor environment, the CO 2 concentrations varied significantly (400-2000 ppm, see Figure 5 ) during the sampling campaigns. The elevated concentrations measured during (i) second sampling in the RP and (ii) third and fourth sampling in LEP C were due to errors in the ventilation system. In the RP, the ventilation system was unintentionally shut down during the sampling period due to renovation of the roof. At LEP C, a kitchen timer set to switch off the exhaust was wrongfully connected to the entire ventilation system, causing the building ventilation to be shut down for 1-2 h every day. This led to increased CO 2 concentrations during the afternoons of these weekdays. Seppanen et al. 42 reported that high CO 2 concentrations (1500-3700 ppm) could give rise to SBS symptoms and occupants may perceive a decrease in the IAQ. However, when the ventilation system was operating properly, the CO 2 levels remained below 1000 ppm, i.e. the guideline used when optimizing the settings of the ventilation system recommended by the Swedish National Board of Housing, Building and Planning, 3 and the Swedish Work Environment Authority. 43 Furthermore, NO 2 levels in the preschools varied from 2 to 7.5 mg/m 3 and remained below the hourly concentration (i.e. 200 mg/m 3 ) recommended by WHO air quality guidelines. 39 However, the yearly concentration recommended by WHO, 39 i.e. 40 mg/m 3 , can still be exceeded since the sampling was only performed in 14 days. LEP_A LEP_B LEP_C RP S P 1 S P 2 S P 3 S P 4 S P 1 S P 2 S P 3 S P 4 S P 1 S P 2 S P 3 S P 4 S P 1 S P 2 S P 3 S P 4 During the first year of occupancy, the maximum ACR (during the operation hours) was set in all preschools in order to (i) to eliminate moisture formed during the construction work and (ii) reduce the primary emissions from building materials and interior decorations. 3, 4, 17 The ACR that was calculated from the incoming air and the air volume of the building ranged from 1.93 to 2.96 h À1 (see Table 1 ). After the first year, the ventilation will then be controlled by a demand control system and the maximum ACRs are only achieved when elevated indoor air temperatures or CO 2 concentrations were monitored in a room, owing to (for example) high occupant density or activity. Follow-up studies investigating the trends of CO 2 concentrations, ventilation and ACR associated with demand control settings in a school building would therefore be desirable.
Indoor concentrations of TVOC
The VOCs are presented (in chronological order of sampling) as total VOCs (TVOC, see Figure 6 ). In general, the TVOC concentrations declined during the first year of occupancy in all preschools, except in LEP C. This decrease was most likely due to declining emissions from building materials, furnishings and consumer products. 3, 4, 17 Furthermore, the TVOC concentrations measured during sampling period 1 (SP1) was lower in the environmental certified low-energy preschools (LEPs B and C) compared to the noncertified preschools (RP and LEP A). This indicate that the usage of only low-emitting and environmental friendly building materials did generate lower VOC emissions at the beginning of their lifetime usage compared to conventional building materials. However, emissions from building materials during the fourth (last) sampling period were relatively similar in all preschools as same concentrations of TVOC were found in these preschools.
The differing trend found in LEP C may be due to incorrect connection of the kitchen timer to the ventilation system, as previously mentioned. Similarly, an inactive ventilation system gave rise to enhanced concentrations during SP2 in the RP (TVOC increased from 415 mg/m 3 toluene equivalents during SP1 to 825 mg/m 3 toluene equivalents during SP2). In LEP B, the TVOC concentrations fluctuated significantly during the four sampling periods (310 mg/m 3 , 57 mg/m 3 , 110 mg/m 3 and <50 mg/m 3 toluene equivalents in SP1, SP2, SP3 and SP4, respectively). This may be attributed to factors such as: (i) refurnishing of rooms and preschool activities including painting and gluing throughout SP2 to SP4 and (ii) introduction of a new cleaning routine using deionized water in LEP B, rather than the traditional cleaning products used in RP, LEP A and C. The wax polish could be slowly dissolved by deionized water remaining on the linoleum flooring, leading to elevated emissions of VOCs and aldehydes from the unprotected linoleum flooring. However, this is probably a long-term effect and must be further corroborated. 44 When comparing between the four preschools, significant differences of TVOC concentrations were found (Kruskal-Wallis, p < 0.01, see Figure 6 ). The median TVOC concentrations for RP, LEP A, LEP B and LEP C were 120 mg/m 3 , <50 mg/m 3 , 76 mg/m 3 and 200 mg/m 3 toluene equivalents, respectively. These concentrations were lower than the median concentrations of TVOC (272 mg/m 3 toluene equivalents) in newly built passive houses in Sweden. 4 Furthermore, the yearly median concentrations were also lower than the hygienically safe guideline concentration of 300 mg/m 3 toluene equivalents proposed by Seifert et al., 45 and the German Federal Environment Agency. 46 However, the TVOC concentrations exceeded 300 mg/m 3 toluene equivalents during the first sampling period in the RP, LEP A and B as well as during the second sampling period in the RP. The exposure risk was considered relatively low during this period since no occupant was present during the first sampling periods. Moreover, the ventilation problem leading to elevated TVOC concentrations in RP was resolved relatively quickly.
Indoor concentrations of individual VOCs
In total, 44 different VOCs were detected in at least one indoor air sample (see Table 2 for the five most dominant VOCs in each preschool). Some of the most common VOCs in the preschools included a-pinene, D3-carene, 1, 2-diacetylglycerol or triacetin (these two compounds were indistinguishable due to the analytical method), propylene glycol and texanol. Furthermore, xylene, 2-(2-butoxyetoxy) ethyl acetate, toluene, isobutanol, 2-fenoxyethanol and n-alkanes (C 7 -C 14 ) were also prevalent in indoor environments. The concentrations of the dominant VOCs exhibited the same trend as TVOC (for each preschool) with reduced emissions with time, probably due to ventilation problems, new building materials and usage of low-emitting and environmental friendly building materials.
The dominant VOCs were probably present in raw materials of building materials and furnishings or residues from production processes, and subsequently released into the indoor environment. 9, 10, [47] [48] [49] Moreover, some VOCs can be found in consumer and cleaning products used daily in these preschools. 50 In fact, a-pinene, D3-carene, toluene, xylene and ndecane were among the predominant VOCs in newly built passive houses in Sweden. 4 Hoang et al. 51 identified 157 VOCs in preschools in California among which toluene, xylene, D3-carene, a-pinene, texanol, propylene glycol and 2-phenoxyethanol were also detected in our study. Among these VOCs, only a-pinene was classified, by Hoang et al., 51 as a potential health concern due to its bioaccumulative and irritant properties as well as acute toxicity. 51 The reaction between terpenes, such as a-pinene, and ozone may yield formaldehyde, 51 which if present at high concentrations in the indoor environment, could cause health issues among children. However, the lack of potential indoor sources (such as laser printers and copiers), the high ACR, and airtight construction should reduce the risk of high ozone levels in preschools. 50 
Indoor concentrations of formaldehyde
Among the nine targeting aldehydes, formaldehyde was presented in full detail due to its common occurrence in building products, e.g. as an active component in adhesives in wood-based products. 13, 15 Furthermore, formaldehyde has been proven to cause severe health problems among occupants such as allergies, respiratory problems and even cancer. 13, 14 Significant interpreschool differences were observed for formaldehyde (Kruskal-Wallis, p < 0.01). In similarity to the VOC concentrations, the initial formaldehyde concentrations were high and decline in general with time, probably due to reduced emissions from building materials, although these trends might be masked by ventilation problems. 3, 4, 17 Furthermore, the initial concentrations were lower in the environmentally certified LEP B and C compared to LEP A and the RP. During the last sampling period (SP4), similar formaldehyde concentrations were found in all preschools (Figure 7) .
The concentrations of formaldehyde in the preschools presented in Figure 7 (average: 10.5 mg/m 3 , range: 1.9-28.8 mg/m 3 ) were all lower than the WHOrecommended guideline value of 100 mg/m 3 for 30 min of exposure. 14, 16 However, the reported concentrations exceeded the California 8 h exposure level and the chronic reference exposure level for non-cancer effects (both 9 mg/m 3 ). 52 Furthermore, the sensitivity to formaldehyde differs among individuals and occasional high peaks in concentration can cause irritation in the eyes and throat as well as respiratory problems. However, both Bradman et al., 52 and St-Jean et al., 53 found that the formaldehyde concentration was inversely correlated with the ACR. It is therefore desirable to investigate the IAQ in the studied preschools after the first year of occupancy, where the ACR will be set to normal values and the formaldehyde and VOC concentrations could be monitored during relatively short periods (workdays). 
Outdoor concentrations of VOCs and formaldehyde
The TVOC and formaldehyde concentrations were also measured in the outdoor air at two out of four preschools. Since the preschools had similar surroundings, such as traffic and forest, the outdoor concentrations were considered similar among the four preschools. The concentrations were below the detection limits further demonstrating that the measured concentrations were originated from indoor sources.
Evaluation of seasonal differences and temporal trends
Seasonal parameters (e.g. indoor air temperature and RH) were not significantly correlated with TVOC and formaldehyde concentrations (Spearman's rank, r < 0.22, p > 0.05). In addition, the time passed after construction could influence emissions and indoor concentrations of air pollutants. There were no significant correlations between TVOC (Spearman's rank r ¼ 0.12, p > 0.05) and formaldehyde concentrations (Spearman's rank r ¼ À0.26, p > 0.05) with time after completion of the construction work. These demonstrate the complexity of indoor emissions, which depend on both emission sources and emitted compounds, as reported by Langer et al. 4, 18 Moreover, the small number of participating preschools in the study and the ventilation problems in the RP and LEP C during sampling campaigns prevent definitive conclusions regarding these dependencies (or lack thereof). Furthermore, indoor emissions could also be altered by factors that are currently unmeasurable. These factors could include cleaning routines and specific indoor activities, such as art crafting and eating fruits as snacks.
Estimation of the potential exposure risk
A cumulative risk assessment was determined by calculating MCRs for four sampling periods of all preschools to estimate the risk associated with the exposure to pollutant chemicals in the indoor air. 30, 31 VOCs, aldehydes and NO 2 were included in these calculations and concentrations below the LOD were assigned half of their LOD-value. Based on the calculated HI, HQ max and MCR values, the exposure risk was determined according to boundaries listed in de Brouwere et al. 30 All preschools included in this study had a 'single substance concern' during one or more sampling campaigns. Acrolein constituted the single substance of concern in the RP, LEP A and B, as well as during SP1 of LEP C. Crotonaldehyde was the single substance of concern during the remaining sampling periods. Acrolein and crotonaldehyde are both considered toxic to humans and can cause nose and throat irritations as well as decreased respiratory capacity. 54, 55 However, potentially harmful levels of acrolein were only detected during SP1 (2.5 mg/m 3 ) in LEP A and SP3 (3.5 mg/m 3 ) in LEP B. During other sampling periods, acrolein was below the LOD leading to a misguided risk assessment. Further evaluation of the potential health risk of acrolein concentrations would require more sensitive analytical protocols. Furthermore, detected levels could also be misleading since a long-term measurement was performed including periods with maximum ACR and inactive ventilation during the nighttime. Compared with these measurements, short-term measurements (for example during the workdays) may provide a more accurate risk assessment for the children, who spend a maximum of 40-50 h per week in these preschools. An investigation of chemical emissions in home environments of the children could also improve the risk assessment.
Conclusions
In this study, the thermal comfort in preschools was found to be sufficient for the indoor activity. However, chemical emissions and CO 2 concentrations in the indoor environment were strongly influenced by the operation of the mechanical ventilation system. When the ventilation system was inactive due to maintenance or malfunctioning, the IAQ deteriorated rapidly as evidenced by increased concentrations of TVOC, formaldehyde and CO 2 . Low concentrations of the indoor chemical emissions were maintained when appropriate settings of a functioning ventilation system were maintained.
The indoor emissions appeared to be heavily influenced by the choice of building materials and interior decorations. In this study, the lowest VOC and formaldehyde emissions occurred in preschools built and furnished with Swan Ecolabelled materials. In the case of the other environmentally certified preschool (LEP C), the effect of building materials and interior decorations on these emissions was not as clear, owing probably to the malfunctioning ventilation. The use of low-emitting and environmental friendly building materials most likely led to lower initial chemical emissions in LEP B and C compared to the conventional building materials used in LEP A and RP. However, comparable emissions were observed after one year of occupancy between all preschools.
Setting the ACR to maximum (during the working hours) during the first year of occupancy ensured a good quality of indoor air. Moreover, a follow-up study after the first year of occupancy would be helpful in determining the influence of ACR on IAQ parameters.
The indoor chemical emissions seem to decline with time and were weakly influenced by seasonal conditions. However, human activities, cleaning routines and change of furnishing as well as the ventilation system could add to the complexity of identifying factors that affect these emissions.
The exposure risks of the combined chemical emissions were relatively low, although MCR estimations indicated a potential exposure risk of acrolein and crotonaldehyde in all preschools. This risk was evaluated for long-term estimations and should be further investigated. However, risks based on short-time data (for example, data obtained from daytime during workdays) are needed to (i) fully elucidate exposure risks for occupants and (ii) identify peaks in concentrations of target compounds. Furthermore, due to low number of study objects and the setting of maximum ACR during the first year of occupancy, the results from this study should be further corroborated.
